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Abstract 
High flexibility of die-less rapid prototyping (DLRP) process imposes its’ use for fabrication of sheetmetal components. 
However, due to the slowness of the process it is not extensively used in industries. In order to increase its suitability for the 
industries in-depth study is essentially required.  In the present investigations effect of various process parameters like feed rate, 
rotational speed of the tool and incremental depth on DLRP process is carried out. Frustum of cone with 800 cone angle are 
formed. The material used is Al 1200-H14 aluminum alloy. The forming tool is having hemispherical end. Effects of these 
process parameters on feasibility of forming, forming time, geometrical accuracy, and surface quality of formed surfaces are 
investigated and reported. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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Nomenclature 
α Cone Angle, deg 
f Feed, mm/min 
H  Height of Cone, mm 
R Radius of Cone, mm 
S Rotational Speed of Tool, rpm 
Z Incremental Depth, mm 
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1. Introduction 
Conventional sheet forming processes are time-consuming processes requiring much time in design and 
development. This is obvious due to the requirement of dedicated toolings for each component. These processes are 
not suitable for manufacturing prototypes and small as well as medium sized batch production. With an increasing 
demand of tailored products, prototypes play a vital role. There is a pressing need to develop an effective, 
economical, faster, and viable process for fabricating sheetmetal prototypes.  
Originally, DLRP (die-less rapid prototyping) process was developed in early 1960s in Japan; offer an effective 
solution to these problems. Due to the unavailability of preceding tools it was not popular at that time. However, the 
last five and score years has shown an inclination towards the development of DLRP process and make it suitable for 
the industrial applications. Jeswiet et al. (2005) have published a comprehensive review paper, in which more 
fundamental aspects focusing on the process and products has been reported. 
Carrino et al. (2006) reported that DLRP process resembles metal spinning and the tool movement determines 
final shape. DLRP process, also familiar as incremental sheet forming (ISF) process, has been performed on a 3 or 
more axis CNC milling center or with robotized cell. DLRP setup consists of a simple fixture, backing plate and 
rigid forming tool with flat, hemispherical, or spherical end, Fig. 1. Blank to be formed is peripherally clamped and a 
single rigid smooth tool moves w.r.t. blank along a predetermined tool path, programmed by CNC controller. In 
present scenario, DLRP can be divided into two main categories one is Single Point Incremental Forming (SPIF) and 
Two Point Incremental Forming (TPIF). In all the variants of DLRP process, Fig. 2, at any instant of time only a 
small segment of the product is being deformed and the total deformation require to get the final designed geometry 
is accomplished by the number of incremental steps. Hence, in DLRP process, relative motion between tool and 
work piece material is very crucial. It is not important that which one moves and which one is held stationery.  
 
 
 
(a) (b) 
Fig. 1. Principle of Incremental Sheet Forming presented by Le Van Say (2009); Allwooda et al. (2010). 
(a) 
 
(b)  
 
(c) 
 
(d)  
 
Fig. 2. Variants of the DLRP process : (a) Forming over a male die  (b) Forming into a female die   (c) Forming with partially support and         
(d) Two point forming, both tools moving reported by Allwooda et al. (2010). 
Generally, CNC machines are essentially used for DLRP process due to their capabilities to control tool 
movement in all three directions. This offers flexibility to manufacture a component having symmetric as well as 
asymmetric shapes on the same machine with similar set up. Hence, this process is often called as asymmetric 
incremental sheet forming (AISF). In this process, finished sheetmetal components can be made directly from a 3D 
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CAD model. Hence, traditional intermediate stage of tool design and manufacturing can be eliminated. Thus, a new 
part can be manufactured in an hours rather than days. A schematic diagram for the step of manufacturing of 
sheetmetal component using DLRP process is presented in Fig. 3. 
Fig. 3. Steps in DLRP process presented by Le Van Say (2009). 
Earlier studies reported by Ambrogio et al. (2003); Hagan and Jeswiet (2004); Jeswiet et al. (2005); Ham et al. 
(2007); Hamilton and Jeswiet (2010) demonstrated that various factors such as the forming method, tool rotation 
speed, relative motion between the tool and sheet, incremental step in negative vertical direction, tool radius type 
and thickness of material to be formed, feed during the forming, lubrication type and method likely to be contribute 
to the internal and external surface of the component formed by DLRP process. Hence, the objective of the present 
article is decided to investigate the effect of feed rate, tool rotation speed and incremental depth on feasibility of 
forming, forming time, surface quality and geometrical accuracy of the component formed by DLRP process at 
higher cone angle (800). The results are presented in section 5 and  some conclusions are reported. 
2. Experimentations 
Frustum of cone with 800 cone angle(α) is formed from 0.91mm thick Al1200-H14 aluminum sheet, Fig. 4 (a, b). 
All the components are formed up to the height of 12mm with 30mm major diameter. Hemispherical end rigid tool, 
having 6 mm diameter and hardness of 46 HRC, made from EN-08 material, is used during all the experimentations. 
The simple rigid structure is used to hold the blank, Fig. 5. Hydraulic oil, servo 60, is used as lubricant. 
  
Forming Tool 
 
 
(a)     (b)            Work Holding Device 
Fig. 4. Targeted Geometry. Fig. 5. Experimental Setup. 
Steps 2 & 3 required only in Two 
Point Incremental forming 
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All the experiments are conducted on 3-axis CNC milling machine. Dejardin et al. (2010) reported that contour 
path strategy gives better formability. Hence, during all the experiments geometry is formed using out-to-in contour 
tool path strategy. In this strategy, tool rotates in clockwise direction and a series of circumferential movement in 
negative Z direction along with an in plane negative X direction is takes place. Hence, blank is formed layer by layer 
to get the final geometry. The blank that is to be formed, is defined as the XY plane and the Z-axis is set equal to 
zero at the top of the blank. In the present case, this point is defined as point 1 as shown in Fig. 6. From this point, 
the tool moves simultaneously in negative X and negative Z direction for a distance equal to the desired vertical step 
to reach at point 2. From point 2 tool moves in CCW direction to form the first layer. This procedure is continued 
until the targeted geometry is formed. 
Fig. 6. Contour Tool Path Strategy. 
3. Measurement Method 
In the present investigation, forming time is chosen as the response parameter and is obtained from the 
interfacing software VRMILL (Refer Fig. 7). The roughness of the formed component is often considered as a good 
predictor of the surface characteristics. Hence, it is also taken as one of the response parameter in the present study. 
As presented in Fig. 8 a contact type stylus based surface roughness tester SJ-210, Mitutoyo make, is used to 
measure the arithmetic mean of roughness (Ra). Gaussian digital filter is used for surface profile analysis. During all 
the measurements stylus speed is set to 0.5 mm/s. All the measurements are taken by adjusting sampling length 
equal to 0.25 mm and evaluation length equal to 7.5 mm. A Vision Measuring System (Refer Fig. 9.) with touch 
probe type co-ordinate measuring facility is utilized to measure a cone angle and height of the formed component. 
 
 
 
 
 
 
Fig.7. Forming time measurement 
with VRMILL. 
Fig. 8. Surface measurement with SJ-210. Fig. 9. Vision Measuring system with CMM 
facility. 
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4. Parameter Selection 
During all the experimentations, parameter that is to be studied is only varied while other are kept at constant 
level. In the present section, experimental designs to study feasibility of forming, forming time, geometrical 
accuracy and surface quality of formed surfaces are explained in detail. 
4.1. Investigation of effect of feed rate 
Parameters are set as presented in a table 1 to investigate feasibility of the process and to study the effect of feed 
rate on forming of component with 800 cone angle. Other parameters are set as discussed in section 2. 
      Table 1. Parameter list for feed rate variation study. 
Constant parameters  
Rotational speed of tool (rpm) 1250 
Variable parameter  
Feed rate (mm/min) 25, 50, 75 
Incremental Depth in negative Z direction (mm) 0.5, 0.8 
4.2. Investigation of effect of rotational speed of tool 
For the investigation of effect of rotational speed of tool in DLRP process, feed rate is kept at 50 mm/min and 
incremental depth fixed at 0.5 mm.  List of parameters are presented in a table 2. 
      Table 2. Investigation of effect of rotational speed of tool. 
Constant parameters  
Feed rate (mm/min) 50 
Incremental Depth in negative Z direction (mm) 0.5 
Variable parameter  
Rotational speed of tool (rpm) 500, 750, 1000, 1250, 1500, 1750, 2000 
4.3. Investigation of effect of incremental depth 
Experimentations are conducted to study the effect of incremental depth at higher cone angle i.e. 800 by setting 
the parameters as presented in a table 3. 
      Table 3. Investigation of effect of incremental depth in negative Z direction. 
Constant parameters  
Feed rate (mm/min) 50 
Rotational speed of tool (rpm) 1250 
Variable parameter  
Incremental Depth in negative Z direction (mm) 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 
5. Results and Discussion 
The results of the experiments conducted to form frustum of cone with12 mm height and 800 cone angle are 
presented in the present section. The roughness value (Ra) is measured at eight different places inside the cone, as 
shown in Fig. 8. The average of those values is considered for analysis. Percentage error is calculate using following 
equation. 
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Design Value - Obtained Value% Error =   100
Design Value
§ · u¨ ¸© ¹  
5.1. Effect of feed rate 
It is observed that as the feed rate increases the forming time decreases. In present study, only at the feed rate of 
50mm/min component is formed up to a design depth i.e. 12 mm. Hence, to form large cone angle, from         
Al 1200-H14 with hemispherical end tool and contour tool path, this value of feed rate is selected for further 
investigation. Results of the experimentations are presented in table 4. Various components formed at a feed of 
50mm/min and 25mm/min, at 0.5mm incremental depth, is presented in Fig. 10. 
Table 4. Results of feed rate variation study. 
Z 
(mm) 
Feed 
(mm/min) 
Forming 
Time 
(min) 
Ra 
(μ) 
Geometrical Error Measurement 
Remark Cone Angle Cone Height 
Measured 
Value % Error 
Measured 
Value % Error 
0.5 
25 90.05 --- --- --- --- --- Fractured 
50 44.49 2.452 80.06 -0.0750 12.146 -1.2167 Formed 
75 30.11 --- --- --- --- --- Fractured 
0.8 
25 58.11 --- --- --- --- --- Fractured 
50 29.05 --- --- --- --- --- Fractured 
75 19.40 --- --- --- --- --- Fractured 
 
  
Formed at 800 Fractured at 800 
Fig. 10. Component formed with DLRP process. 
5.2. Effect of rotational speed of tool 
Results of the experimentations conducted to study the effect of rotational speed of tool are presented in table 5. 
It is observed that the forming time is independent of tool rotation speed. It is also noticed that, at higher tool 
rotational speed, better surface quality is achieved. However, this has observed up to a certain level, and then surface 
roughness is again decreases and remains almost constant, Fig. 11. Results obtained in the present investigation to 
study the tool rotation speed are in agreement with the results reported by Jiang H. et al. (2011). In the present study, 
at 1250 rpm better surface quality achieved with reasonably acceptable geometrical error. 
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   Table 5. Results for variation in rotational speed of tool. 
Speed 
(rpm) 
Forming 
Time 
(min) 
Ra 
(μ) 
Geometrical Error Measurement 
Remark Cone Angle Cone Height 
Measured 
Value % Error 
Measured 
Value % Error 
500 44.48 3.103 - - - - Fractured 
750 44.48 3.187 - - - - Fractured 
1000 44.48 2.803 - - - - Fractured 
1250 44.49 2.452 80.06 -0.0750 12.146 -1.2167 Formed 
1500 44.48 3.302 79.75 0.3125 12.156 -1.3000 Formed 
1750 44.49 3.223 79.60 0.5000 12.111 -0.9250 Formed 
2000 44.49 3.214 79.56 0.5500 12.109 -0.9083 Formed 
 
 
Fig. 11. Effect of rotational speed of tool on surface quality at higher cone angle. 
5.3. Effect of incremental depth 
Results of the experimentation are presented in table 6. At higher incremental depth, less forming time is 
required. It is observed that as incremental depth reduces quality of formed component increases. It is also observed 
that, at higher incremental depth more ridging of material will occur. Hence, chance of material failure will increase. 
  
Fig. 12. Effect of incremental depth on various process parameters at f = 50 mm/min and S = 1250 rpm. 
1
2
3
4
250 500 750 1000 1250 1500 1750 2000 2250S
ur
fa
ce
 R
ou
gh
ne
ss
 (R
a)
 (μ
) 
Rotational Speed  of Tool (rpm) 
25
50
75
100
125
0.1 0.2 0.3 0.4 0.5 0.6
Fo
rm
in
g 
Ti
m
e 
(m
in
) 
Incremental Depth (mm) 
1.5
1.75
2
2.25
2.5
0.1 0.2 0.3 0.4 0.5 0.6
Su
rfa
ce
 R
ou
gh
ne
ss
 (R
a)
 (μ
) 
Incremental Depth (mm) 
Feed  : 50 mm/min; Z : 0.5mm 
673 Bhavin V. Desai et al. /  Procedia Materials Science  6 ( 2014 )  666 – 673 
Table 6. Results of variation in incremental depth.  
Z 
(mm) 
Forming 
Time 
(min) 
Ra 
(μ) 
Geometrical Measurement 
Remark Cone Angle Cone Height 
Measured 
Value % Error 
Measured 
Value % Error 
0.2 108.11 1.893 80.40 -0.5000 11.976 0.2000 Formed 
0.3 73.00 2.252 79.82 0.2250 12.123 -1.0250 Formed 
0.4 55.29 2.305 79.83 0.2125 12.112 -0.9333 Formed 
0.5 44.49 2.452 80.06 -0.0750 12.146 -1.2167 Formed 
0.6 37.56 --- --- --- --- --- Fractured 
0.7 34.19 --- --- --- --- --- Fractured 
0.8 29.05 --- --- --- --- --- Fractured 
6. Conclusion 
In the present study, feasibility of forming, effect of feed rate, rotational speed of tool, and incremental depth at 
higher forming angle in DLRP process have been conducted. The conclusion derived from the experimentation can 
be summarized as follows: 
x It is observed that less forming time is required for higher value of feed rate. 
x It is to be concluded that the feed rate in the DLRP process plays vital role in achieving higher cone angle. 
Forming of higher cone angle with contour tool path is possible at lower incremental depth and optimum value 
of feed rate. However, still detail study need to be carried out. 
x Tool rotation speed has no influence on the forming time in DLRP process. 
x Higher tool rotation speed gives better surface quality and lesser geometrical error. However, it is true up to 
certain level. Above that level, it gives reverse effect. 
x Higher the incremental depth lesser the time required to form a component. 
x Lesser the incremental depth better the quality of surface obtained. This may be happened because at lower 
incremental depth lesser will be the material ridging. 
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